We demonstrate a linear laser resonator incorporating a semiconductor optical amplifier and scanning filter for high repetition rate, broad wavelength, unidirectional scanning. The laser operates at up to 115 kHz repetition rates and demonstrates a tuning-speed-independent power of Ͼ30 mW. We apply this laser to enable ultrahigh-speed optical frequency domain imaging of the dynamics of laser ablation of biological tissue. The imaging system acquires single longitudinal scans ͑A-lines͒ in 8.7 s and complete cross-sectional images comprising 575 A-lines at a rate of 200 frames per second. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2179125͔
We demonstrate a linear laser resonator incorporating a semiconductor optical amplifier and scanning filter for high repetition rate, broad wavelength, unidirectional scanning. The laser operates at up to 115 kHz repetition rates and demonstrates a tuning-speed-independent power of Ͼ30 mW. We apply this laser to enable ultrahigh-speed optical frequency domain imaging of the dynamics of laser ablation of biological tissue. The imaging system acquires single longitudinal scans ͑A-lines͒ in 8. Optical coherence tomography ͑OCT͒ allows crosssectional imaging of optically turbid samples at spatial resolutions on the order of several to tens of microns. In the biomedical field, OCT has been used to image various tissues and has been shown to be capable of screening for disease. Traditional OCT system imaging speeds were limited to four to eight frames per second, suitable for directed, small-area imaging but unable to allow OCT to either provide comprehensive microscopic screening 1-3 or image dynamic events, such as laser ablation of tissue. [4] [5] [6] [7] The recent application of Fourier-domain techniques to OCT has led to an improvement in sensitivity of several orders of magnitude, a critical step toward ultrahigh-speed OCT imaging. [8] [9] [10] Optical frequency domain imaging ͑OFDI͒ 8, 11 is one of the Fourier approaches and is conceptually a two-or three-dimensional extension of optical frequency domain reflectometry ͑OFDR͒, [12] [13] [14] which uses a wavelength-swept light source and interferometer for heterodyning. Realizing the potential imaging speed improvement of OFDI, however, requires the development of new high-repetition rate wavelength-swept lasers. In this letter, we present a novel external cavity semiconductor laser that provides wavelength-swept light from 1280 nm to 1360 nm at continuously tunable repetition rates up to 115 kHz, and demonstrates an OFDI system, based on this source, that can continuously acquire cross-sectional images at a rate of 200 images ͑575 A-lines per image͒ per second. To demonstrate the capability of this ultrahigh-speed system, the measured dynamics of tissue ablation, too fast to be imaged by traditional OCT systems, are presented.
In OFDI, the ranging depth is inversely proportional to the instantaneous linewidth of the source, the axial resolution is inversely proportional to the wavelength range over which the source is swept, and the detection sensitivity is proportional to the laser power. Relevant laser source specifications for OFDI include an instantaneous linewidth less than 0.1 nm, a tuning range greater than 10% of the central wavelength, and an average power greater than 20 mW in a single polarization state. Based on theoretical analyses, 8, 11 a source achieving these specifications would provide sufficient detection sensitivity for biomedical imaging even at an axial ranging ͑A-line͒ rate greater than 100 kHz. We have previously demonstrated a rapidly tuning optical filter 15 and semiconductor ring resonator 16 that provided a scanning rate of 115 kHz. One complicating characteristic of this laser, however, is the power and linewidth dependence upon tuning speed. At fast tuning speeds, the filter offset per round trip of the resonator becomes significant compared with the filter bandwidth, resulting in a decrease in the output power and an increase in the instantaneous linewidth of the laser. 16 One approach to reduce this effect would be to match the filter tuning period to an integer fraction of the laser round-trip time. 17 In this case, the light circulating in the resonator has a continuously varying wavelength, such that at the location of the filter the wavelength varies in synchrony with the filter allowing the buildup of a stable resonator mode. For a filter repetition rate of 100 kHz, however, the required resonator optical path length would be 3 km. Although this length is achievable for an optical fiber resonator, the long length of fiber may give rise to nonlinearities and thermal instabilities. An alternative approach, demonstrated in this letter, is to reduce the resonator round trip time so that light transmitted through the filter returns to the filter before the filter passband has significantly offset. As with the synchronous resonator approach, this provides a long photon intracavity lifetime and promotes laser linewidth narrowing.
To investigate the performance of a wavelength-swept laser having a reduced resonator length, we developed a semiconductor optical amplifier ͑SOA͒ having one normal incidence waveguide facet and one angled facet. The normal incidence facet was used as the output coupler of a linear resonator ͑transmission ϳ70%͒. Light emitted from this facet was directly coupled to single-mode fiber. Light from the angled facet was collimated and coupled to an optical filter based on a diffraction grating, telescope, and rotating polygon scanner. Figure 1 shows the schematic of the laser. The optical path length of the linear resonator was 1.08 m, corresponding to a round trip time of 3.6 ns. When operating the filter over a sweep range of 80 nm and with a sweep repetition rate of 115 kHz, the offset of the filter center wavelength per roundtrip was 0.03 nm. For our filter passband width of 0.15 nm, we estimate that the loss arising from this offset was 13%. This loss was easily tolerated by the SOA, which had a single-pass gain of 25 dB.
An additional advantage of the reduced resonator length is that it supports a broader detection bandwidth in OFDI. Resonator longitudinal mode beating gives rise to intensity noise at the characteristic frequency of the mode spacing and its harmonics. It is highly desirable that these frequencies do not overlap with the broad signal spectrum of high-speed OFDI. Since the longitudinal mode spacing is inversely proportional to the cavity length, the 1.08 m cavity length of the linear resonator avoids intensity noise corruption of the OFDI signal over the frequency range up to 280 MHz. Figure 2͑a͒ shows the peak power of the laser over an 80 nm edge to edge wavelength tuning range for different sweep speeds. The peak output power was measured to be constant while the tuning repetition rate was increased from 45 kHz to 115 kHz. We also characterized the instantaneous linewidth of the laser for various tuning repetition rates by measuring the coherence length of the laser output using a variable-delay Michelson interferometer ͓Fig. 2͑b͔͒. A slight broadening of the instantaneous linewidth, from 0.15 nm to 0.16 nm, was observed as the tuning speed was increased from 45 kHz to 115 kHz. By comparison, a longer ͑5.2 m͒, fiber ring resonator using the same optical filter, 16 exhibited a significant dependence of linewidth upon scanning speed. The linewidth of that laser was 0.23 nm at a repetition rate of 115 kHz. Figure 3 depicts a schematic of the OFDI system employing the linear-cavity wavelength-swept laser for imaging of laser ablation dynamics. The system is comprised of a single-mode-fiber interferometer with dual-balanced detection 11 and acousto-optic frequency shifters to remove depth degeneracy. 18 A transistor-transistor logic ͑TTL͒ pulse train generated from a fiber Bragg grating was used to provide synchronization pulses for signal sampling. A highspeed data acquisition ͑DA͒ board ͑Gage, CompuScope 14200͒ digitized the dual-balanced receiver output with a 100 MHz sampling frequency. The measured ranging depth defined at the 6 dB signal-to-noise ratio penalty 18 is depicted in Fig 2͑b͒. We note that the ranging depth of Ͼ4.8 mm is significantly improved over that of standard time-domain OCT systems even though the scanning speed has been increased more than 50 fold. The sensitivity was approximately 105 dB at zero delay, approximately 10 dB above the shot noise limit due to thermal and intensity noise contributions.
To demonstrate the potential of this system for monitoring dynamic processes, the system was configured to permit simultaneous imaging and laser ablation of biological samples. Laser ablation is commonly used in clinical medicine to dissect and remove tissue with the central goal to effectively treat targeted tissue while minimizing damage to adjacent tissue. To help understand and thereby improve the efficacy of ablation in medicine, rigorous models of the dynamics of tissue ablation have been developed. 4 These models describe dynamic processes, such as tissue vaporization and vapor bubble formation and collapse. We sought to investigate the potential of ultrahigh-speed OFDI for monitoring ablation dynamics as a potential means to: ͑1͒ Test and refine existing models, 4 and ͑2͒ provide feedback to improve the selectivity of treatment. A gated continuous-wave laser diode, centered at 1450 nm, was focused at the center of the OFDI transverse scan line ͑depicted in Fig. 3͒ . During imaging, the 1450 nm laser power and exposure duration could be adjusted by controlling the diode current and gate duration. Images of freshly excised porcine esophagus, comprising 575 A-lines, were acquired at a rate of 200 frames per second for a range of ablation power and exposure duration. Continuous acquisition at this rate could be sustained for over 500 sequential images spanning 2.8 s. A movie of the laser ablation is available via EPAPs. 19 A subset of sequential images acquired during ablation with 600 mW is shown in Fig. 4 . The first image of the series was acquired 90 ms after the onset of 1450 nm laser exposure. Within the first 20 ms ͑four frames͒, a vapor bubble is observed that subsequently bursts prior to reforming in Frame No. 8. We believe that the ability to monitor temporaldynamics, such as these, during the ablation process may provide a new method for reducing collateral damage to adjacent tissue while ensuring comprehensive treatment of targeted tissues. In summary, we have demonstrated a novel linearexternal-cavity wavelength-swept semiconductor laser that provided repetition rates up to 115 kHz. The short linear resonator was seen to significantly reduce the dependence of power and linewidth on tuning speed. We also demonstrated an ultrahigh-speed OFDI system, based on this laser, which was capable of imaging at an acquisition rate of 200 frames per second for images consisting of 575 A-lines over a depth range of 4.8 mm. We believe this unique ultrahigh-speed imaging system will open many new biomedical imaging applications and have demonstrated its ability to monitor dynamical processes during laser ablation.
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